Abstract: The role of macrophages in the pathogenesis of acetaminophen (APAP)-induced liver injury remains controversial, as it has been demonstrated that these cells display pro-toxicant and hepato-protective functions. This controversy may stem from the heterogeneity and/or plasticity of macrophages and the difficulty in distinguishing and differentially studying subpopulations of macrophages in the liver. In the present study, using flow cytometric analysis and fluorescence-labeled antibodies against specific cell surface macrophage markers, we were able to, for the first time, identify an APAP-induced macrophage (IM) population distinct from resident Kupffer cells. The data demonstrated that the IMs were derived from circulating monocytes that infiltrated the liver following APAP-induced liver injury. The IMs exhibited a phenotype consistent with that of alternatively activated macrophages and demonstrated the ability to phagocytize apoptotic cells and induce apoptosis of neutrophils. Furthermore, in the absence of the IMs, the resolution of hepatic damage following APAP-induced hepatotoxicity was delayed in CCR2 ؊/؊ mice compared with wild-type mice. These findings likely contribute to the role of the IMs in the processes of tissue repair, including counteracting inflammation and promoting angiogenesis. The present study also demonstrated the ability of separating populations of macrophages and delineating distinct functions of each group in future studies of inflammatory disease in the liver and other tissues.
INTRODUCTION
Drug-induced liver injury (DILI) attributes to a significant percentage of patient morbidity and mortality [1] [2] [3] [4] . The idiosyncratic nature, severity, and poor diagnosis of DILI make these reactions the most common cause for the withdrawal of drugs from the pharmaceutical market [5] . It is imperative to gain a thorough understanding of the underlying mechanisms of DILI before strategies can be developed to better predict and prevent DILI. An overdose of acetaminophen (APAP), one of the most widely used analgesic and antipyretic drugs, is the leading cause of death from acute liver failure in the United States [3] , and the proportion of APAP-induced acute liver failure cases increased dramatically between 1998 (21%) and 2003 (51%) [6] . At present, APAP-induced liver injury in mice is the most widely used animal model to study the mechanisms of DILI. It has been demonstrated that APAP-induced hepatotoxicity is initiated by the formation of a reactive metabolite, N-acetyl-p-benzoquinone imine, which depletes glutathione, covalently binds to cellular proteins [7] [8] [9] , and damages hepatocytes. Recent studies have shown that the initial hepatocyte damage triggers activation of innate immune cells within the liver, such as hepatic macrophages, NK cells, NKT cells, and PMNs, which contribute to the progression of liver injury [10 -15] . The role of macrophages in the pathogenesis of APAP-induced liver injury remains controversial. It has been demonstrated that hepatic macrophages contribute to APAPinduced hepatotoxicity through the production of proinflammatory cytokines and mediators, including TNF-␣, IL-1␤, and NO [14, 15] . However, hepatic macrophages also play a hepatoprotective role through the production of cytokines and mediators, such as IL-10, IL-6, and IL-18-binding proteins, which counteract inflammatory events and promote liver regeneration [16] . This dichotomy of pro-toxicant and hepato-protective functions of hepatic macrophages may be explained by the heterogeneity and/or plasticity of these cells. The heterogeneity of macrophages is likely emanated from the heterogeneity of circulating monocytes. Recent studies have revealed the presence of at least two distinct subsets of monocytes: a short-lived, inflammatory monocyte population that is preferentially recruited to sites of inflammation and another population that homes constitutively to tissue and serves as precursors to resident cells [17] .
It is known that macrophages have diverse activities, and many of them appear to be opposing in nature: proinflammatory versus anti-inflammatory activities, immunogenic versus tolerogenic activities, and tissue-destructive versus tissue-restorative activities [18 -20] . Two major classes of macrophages have been identified, classically activated macrophages (M1) and alternatively activated macrophages (M2). It has been demonstrated that macrophages can become M1 or M2 depending on their adaptive response to various stimuli [19, [21] [22] [23] [24] [25] . In response to microbial infection, LPS, and T H 1 cytokines, macrophages differentiate into M1, which generate proinflammatory cytokines and bacterialcidal mediators. In response to T H 2 cytokines, such as IL-4, IL-10, and IL-13, as well as corticosteroids and PGs, macrophages differentiate into M2, which play an important role in the down-regulation of inflammation, tissue remodeling, elimination of tissue debris and apoptotic bodies, as well as the induction of angiogenesis [25, 26] .
The objective of the present study was to examine whether distinct subpopulations of macrophages are present within the liver of mice after APAP challenge. Using flow cytometric analysis and fluorescence-labeled antibodies against specific cell surface macrophage markers, we were able to differentiate resident Kupffer cells (KCs) from a population of transient, APAP-induced macrophages (IMs). The observed IM-mediated induction of PMN apoptosis as well as the ability to phagocytize apoptotic cells likely contribute to their role in the resolution of inflammation and promotion of tissue repair following APAP-induced liver injury.
MATERIALS AND METHODS

Animal treatment
Eight-to 11-week-old female and male C57Bl/6J wild-type (WT) and CCR2 Ϫ/Ϫ mice (Jackson Laboratories, Bar Harbor, ME, USA) as well as Balb/cJ WT (Jackson Laboratories) and Balb/cJ CCR2 Ϫ/Ϫ mice [provided by Cara L. Mack, M.D., Department of Pediatrics, School of Medicine, University of Colorado Denver (UCD), CO, USA] were used for all experiments. Heterozygous C57Bl/6 CX3CR1 GFP/ϩ mice were obtained from Charles L Edelstein, M.D. (Department of Renal Diseases and Hypertension, School of Medicine, UCD). Animals were maintained according to the Center for Laboratory Animal Care at UCD. Mice were allowed free access to autoclaved food and water until experimental use. Mice were fasted overnight for ϳ16 h to deplete glutathione levels [27] , prior to i.p. injection of PBS or APAP. For all experiments, female mice were treated with 400 mg APAP/kg, and male mice were treated with 300 mg APAP/kg.
Quantification of hepatic necrosis
Liver samples were obtained from female Balb/cJ WT and CCR2 Ϫ/Ϫ mice at 24, 48, and 72 h after APAP challenge and fixed in 10% formalin. Samples were embedded in paraffin, sectioned, and stained with H&E. Necrosis was examined using low-power (100ϫ) light microscopy, and an image was obtained using a digital camera. The area of necrosis was quantified using Spot Advanced digital software by measuring the total area (mm 2 ) of necrosis within six separate fields per tissue section. The average area of necrosis among the six fields was calculated for each section.
Depletion of IMs by bone marrow irradiation
Bone marrow irradiation was carried out on a Varian 21 CD linear accelerator (6 MeV) within the Radiation Oncology Department at the University of Colorado Hospital. Mice were restrained in 50 mL Falcon tubes without anesthesia and irradiated with a total of 500 radiations (rads) at a dose rate of 600 rads/min. The total irradiation field was symmetric (180ϫ30 cm), and the distance from the source was 100 cm (as calculated to the mid-point of the animal's torso). Irradiation was performed on Day 0, and all subsequent experiments with the irradiated mice were performed on Day 3.
Isolation of hepatic nonparenchymal cells (NPCs)
Isolation of hepatic macrophages was performed at 24 h after APAP challenge, unless otherwise stated, following a method established previously [28, 29] with slight modifications. In brief, mice were anesthetized, and liver tissues were perfused in situ via the superior vena cava with a perfusion buffer (1ϫ HBSS), followed by a digestion buffer [1ϫ HBSS, supplemented with 0.05% collagenase (Type IV; Sigma Chemical Co., St. Louis, MO, USA), 1.25 mM CaCl 2 , 4 mM MgSO 4 , and 10 mM HEPES]. Following digestion, the liver was disrupted in anticoagulant-citrate-dextrose (Acd) solution (1ϫ HBSS, supplemented with 0.5% FBS, 0.6% citrate-dextrose, and 10 mM HEPES), and the cells passed through a 100-m cell strainer. The cells were centrifuged at 30 g for 3 min to pellet hepatocytes. Cells in the supernatant were then centrifuged at 320 g for 5 min, resuspended in complete RPMI media (RPMI supplemented with 10% FBS, 10 mM HEPES, and 1ϫpenicillin/streptomycin), fractionated using 30% (w/v) Nycodenz (Axis-Shield, Scotland) at 1.155 g/mL to yield liver NPCs free of erythrocytes, and further purified using 30% Percoll (Sigma Chemical Co.) at 1.04 g/mL. At this stage, liver NPCs were resuspended in Acd solution and consisted mainly of hepatic macrophages and liver sinusoidal endothelial cells (LSECs).
Flow cytometry and FACS
To prevent nonspecific binding, liver NPCs were blocked with normal rat serum (Sigma Chemical Co.) and anti-mouse Fc␥R II/III (clone 93, eBioscience, San Diego, CA, USA). Liver NPCs were subsequently characterized by staining with the following antibodies from eBioscience: FITC-conjugated anti-mouse CD45, PE-conjugated anti-mouse CD11b, PE-conjugated antimouse NK-1.1, and allophycocyanin (APC)-conjugated anti-mouse F4/80; and from BD Biosciences (San Jose, CA, USA): PE-conjugated anti-mouse CD3e, CD11c, or CD19. Seven amino-actinomycin D (7-AAD) viability staining solution (eBioscience) was used to determine cellular viability. Cells were analyzed on a FACSCalibur cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) using FlowJo 6.3.3 software (Tree Star, Inc., Ashland, OR, USA). For flow cytometric analysis, cells were initially gated on forward-scatter (FSC) and side-scatter (SSC) and then gated on alive cells (7-AAD -). CD45 is a marker expressed on cells of hematopoietic origin. Therefore, to exclude LSECs and enrich analysis for macrophages, we gated on CD45 ϩ cells, and from CD45 ϩ cells, we examined the expression of CD11b and F4/80. To purify hepatic macrophages, liver NPCs were stained as described above and sorted using a MoFlo high-performance cell sorter (Cytomation, Fort Collins, CO, USA). The purity of sorted cells was consistently greater than 92%. For morphological analysis, cells were cytospun onto Shandon Cytoslides (Thermo Scientific, Waltham, MA, USA) and stained using the Hema 3 manual staining system (Fisher Scientific, UK).
RT-PCR analysis
The livers of male Balb/cJ mice at 24 h after APAP challenge were pooled for isolation of IMs and resident KCs via FACS. Total RNA was isolated from the cells using RNeasy micro kits (Qiagen, Valencia, CA, USA), as described by the manufacturer. RNA (1 g) was reverse-transcribed to cDNA and amplified using JumpStart Taq DNA polymerase (Sigma Chemical Co.) and gene-specific primers ( Table 1) for ␤-actin, CX 3 CR1, CCR2, Ym1, matrix metalloproteinase 12 (MMP-12), MMP-9, found in inflammatory zone 1 (Fizz1), Arginase 1 (Arg-1), macrophage galactose-and N-acetylgalactosamine-specific C-type lectin 1 (Mgl1), and macrophage mannose receptor (MMR). All PCR products were resolved on 1.5% agarose gels and visualized using ethidium bromide staining.
In vivo phagocytosis assay
Male Balb/cJ mice were injected (i.v.) with 250 L/mouse (1:100 dilution in PBS) Fluoresbrite Polychromatic Red 0.5 m microspheres (2.62% solidslatex, Polysciences, Inc., Warrington, PA, USA) at 22 h after APAP challenge. Liver NPCs were isolated 2 h after injection of the latex beads and stained with PE-conjugated anti-mouse CD11b and APC-conjugated anti-mouse F4/80. For flow cytometric analysis, we examined the respective red fluorescence of the IMs and resident KCs.
In vitro phagocytosis assay
IMs were isolated via FACS from the pooled livers of male Balb/cJ mice at 24 h following APAP challenge and plated at 5 ϫ 10 5 cells/well in 24-well cell-culture plates in complete RPMI media. Apoptosis of Jurkat T cells was induced by exposure to ultraviolet irradiation at 254 nm for 10 min, followed by culture for 3 h in complete RPMI media. The percentage of apoptotic cells, as determined by the percentage of Annexin V ϩ and propidium iodidenegative, was greater than 75%. The apoptotic or viable (control) Jurkat T cells were cocultured (1.5ϫ10 6 cells/well) with the macrophages for 90 min at a 3:1 ratio (Jurkat T cell:IM). Following coculture, nonphagocytized Jurkat T cells were removed by washing with ice-cold PBS. The adherent macrophages were fixed and stained with Hema 3 manual staining system. The phagocytic index (PI) was calculated as the number of Jurkat T cells ingested divided by the total number of macrophages counted ϫ 100. Apoptotic cells bound to the surface of macrophages, rather than ingested, were not counted. Phagocytosis was scored by visual inspection using light microscopy, with a minimum of 200 macrophages counted per well and three replicate wells per condition.
Apoptosis assay
To exclusively study the ability of IMs to induce apoptosis, we depleted resident KCs using liposome/clodronate (i.v.) 2 days prior to APAP challenge. The virtual elimination of resident KCs from the liver has been demonstrated previously 24 h after liposome/clodronate [30, 31] , and this depletion has persisted 3-7 days after treatment [32, 33] . Liver NPCs were isolated from the pooled livers of KC-depleted male Balb/cJ mice at 24 h following APAP challenge. NPCs were stained with biotin-conjugated anti-mouse CD45 (eBioscience), washed, and incubated with anti-biotin MACS microbeads (Miltenyi Biotec, Auburn, CA, USA). The cells were then applied to a LS column (Miltenyi Biotec) in combination with a MACS separator (Miltenyi Biotec). The magnetically retained cells were eluted as the positively selected cell fraction, consisting mainly of IMs. PMNs were isolated via peritoneal washing with ice-cold 1ϫ HBSS at 8 h after inoculation (i.p.) of mice with 3% thioglycolate. A PMN:IM ratio of 1:3 (5ϫ10 5 PMN:1.5ϫ10 6 IM) was used in coculture experiments. Cells were plated in 24-well cell-culture plates and incubated for 18 h in complete RPMI media. Experiments were also performed using 1.0 m cell culture inserts (Becton Dickinson, San Diego, CA, USA). Following coculture, the supernatant within each well, consisting mainly of PMNs, was collected and processed for flow cytometry. Cells were characterized by staining with PE-conjugated anti-mouse Ly-6G (Gr-1, eBioscience) and APCconjugated anti-mouse F4/80. The total number of PMNs remaining within each well following the coculture was calculated by multiplying the percentage of Gr-1 ϩ cells by the percentage of total cells gated from FSC versus SSC times the total number of cells collected for analysis. Early PMN apoptosis was examined by the expression of membrane phosphatidylserine, detected by Annexin V binding using Annexin V-FITC (BD PharMingen, San Diego, CA, USA) on Gr-1 ϩ cells.
Data analysis
Mean Ϯ SEM values were calculated for each experimental group and compared using unpaired Student's t-test. Probability levels were considered significant when P Ͻ 0.05.
RESULTS
Identification of two distinct macrophage populations in the liver of mice following APAP challenge
We hypothesized that different populations of macrophages may exist within the liver upon APAP challenge. To examine this hypothesis, we isolated liver NPCs from APAP-treated mice and analyzed these cells using flow cytometry. Hepatic macrophages were identified by using CD11b and F4/80, two commonly used murine macrophage markers [34, 35] . Resident hepatic KCs were observed as a single population, with an expression profile of CD11b low F4/80 high in PBS-treated (control) mice (Fig. 1 ). An additional population of macrophages, with an expression profile of CD11b high F4/80 low , was observed in APAP-treated mice (Fig. 1 ). This IM population was similarly induced following APAP challenge in female and male Balb/cJ and C57Bl/6J mice ( Fig. 1 ). Further examination of the IMs demonstrated that they were a transient population, which initially appeared within the liver ϳ12 h after APAP challenge and remained present until their eventual disappearance by 5 days after APAP challenge (Fig. 2) .
To exclude the possibility of nonmacrophage cell types that also express CD11b, the CD11b high F4/80 low population was analyzed further for the expression of CD3 (T lymphocyte marker), CD19 (B lymphocyte marker), CD11c (dendritic cell 
5Ј-ACC CAT TCG AAG GCA TTC CAG AGA-3Ј maker), and NK-1.1 (NK cell marker). The expression of CD3, CD19, CD11c, and NK-1.1 was minimal on the IMs (Fig. 3) as well as resident KCs (data not shown), suggesting that both populations were in fact macrophages.
Determining the origin of the IMs
The IMs may represent a subset of activated, resident KCs that have changed their expression profile from CD11b low F4/80 high to CD11b high F4/80 low or may be derived from circulating monocytes that are recruited to the liver upon inflammation. To determine the origin of the IMs, female Balb/cJ mice were injected (i.v.) with liposome/clodronate to deplete resident KCs. Control mice were treated with empty liposomes. After 2 days, mice were challenged with APAP and liver NPCs analyzed. As expected, 24 h following APAP challenge, the resident KCs and IMs were present within the liver of empty liposome-treated, KC-nondepleted mice (Fig. 4A) . Interestingly, the IMs were still present in the liver of liposome/ clodronate-treated, KC-depleted mice (Fig. 4A) . These results suggested that the IMs represented a distinct population from that of resident KCs. To investigate whether the IMs were derived from infiltrating monocytes, female Balb/cJ mice were subjected to bone marrow irradiation to deplete circulating monocytes 3 days prior to APAP challenge. Although resident KCs remained intact in irradiated mice, we observed an almost complete absence of the IMs (Fig. 4B) . These results demonstrated that the IMs were derived from circulating monocytes that infiltrated the liver following APAP-induced liver injury.
Investigation of the phenotype of the IMs
To examine the biological function of the IMs and resident KCs, these cells were purified by FACS at 24 h following APAP challenge, and their expression of a collection of genes associated with macrophage differentiation, activation, and function was examined. Monocytes undergo chemotaxis in response to several chemokines, including fractalkine (CX 3 CL1) and MCP-1, which bind to the CX 3 CR1 (also known as the fractalkine receptor) and CCR2, respectively. These two chemokine receptors have been implicated in the migration of monocytes/macrophages to sites of inflammation [36 -39] . Our data demonstrated that the IMs expressed CX 3 CR1 and CCR2, and the resident KCs appeared to express only CX 3 CR1 (Fig.  5A) . As CX 3 CL1 and MCP-1 may participate in the recruitment of infiltrating cells to sites of inflammation, we wanted to verify further whether the IMs represented a single population expressing CX 3 CR1 and CCR2 or two distinct subsets of macrophages each expressing a single chemokine receptor. To clarify this point, we obtained heterozygous C57Bl/6 CX 3 CR1
GFP/ϩ mice, in which one allele for the gene encoding CX 3 CR1 has been replaced with the gene encoding GFP. Twenty-four hours following APAP challenge to CX 3 CR1 GFP/ϩ mice, liver NPCs were analyzed by flow cytometry, and CX 3 CR1 -and CX 3 CR1 ϩ subpopulations of the IMs were purified by FACS. Gene expression analysis revealed that the CX 3 CR1 -and CX 3 CR1 ϩ populations expressed comparable levels of CCR2 (Fig. 5B) .
It is known that compared with M1, M2 express a unique sets of genes, including Ym1, a heparin-binding lectin first identified as transiently expressed and secreted by activated peritoneal macrophages in response to nematode infection [40] ; Fizz1, a cysteine-rich, secreted protein, initially found in the bronchoalveolar fluid from mice with experimentally induced allergic pulmonary inflammation [41, 42] ; and Arg-1, which competes with NO synthetase for metabolism of L-arginine [43] . Although the IMs expressed significant levels of Ym1, Fizz1, and Arg-1, the resident KCs demonstrated minimal levels of Ym1 and Arg-1 and no apparent expression of Fizz1. M2 have further been observed to express high levels of MMP-12 and MMP-9 [44 -46] , as well as Mgl [47] and MMR [22] , all of which have been reported to play important roles in tissue repair processes [48 -51] . Our results revealed that the IMs and resident KCs expressed MMP-12, MMP-9, Mgl1, and MMR (Fig. 5A) . Collectively, this expression profile suggested an M2 signature for the IMs, a signature that has been associated with a phenotype involving down-regulation of inflam- 
Ability of the IMs to phagocytize apoptotic cells
Macrophages are known to be professional phagocytes [52] that play a significant role in the clearance of apoptotic cells, which is critical in the resolution of inflammation. Therefore, we investigated the in vitro ability of the IMs to phagocytize apoptotic cells. IMs were purified by FACS at 24 h following APAP challenge and cocultured with viable or apoptotic Jurkat T cells. Engulfment of apoptotic cells by the IMs is shown in a representative image (Fig. 6A) , and phagocytosis was quantified by calculating the PI (Fig. 6B) , which for the IMs, was greater than 30%, similar to that of potent phagocytes reported in the literature [53, 54] . The in vivo phagocytic abilities of the IMs and resident KCs were determined at 24 h following APAP challenge after injection of mice with red fluorescent latex beads and detecting the uptake of beads by the two macrophage populations (Fig. 6C) . Similar to the results from the in vitro phagocytosis assay, the IMs demonstrated in vivo phagocytic capacity, as ϳ31% of the cells had taken up the beads.
The data also revealed that resident KCs are more potent phagocytic cells, as ϳ88% of the cells could take up the beads.
Induction of PMN apoptosis by the IMs
A number of studies have demonstrated that MCP-1 and its receptor CCR2 play a key role in the recruitment of monocytes into inflamed tissue [17, 55, 56] . We examined liver NPCs in CCR2 Ϫ/Ϫ mice at 24 h after APAP challenge and observed a dramatic decrease of the IMs in female Balb/cJ CCR2 Ϫ/Ϫ mice (Fig. 7D ) compared with WT mice (Fig. 7A) . A similar decrease of the IMs was also observed in male Balb/cJ CCR2 Ϫ/Ϫ mice, as well as female and male C57Bl/6J CCR2 Ϫ/Ϫ mice (data not shown) compared with their respective WT controls. However, the CD11b high F4/80 low population was still minimally present in CCR2 Ϫ/Ϫ mice (Fig. 7D) . A further analysis revealed that these cells in the CCR2 Ϫ/Ϫ mice expressed Gr-1, a granulocyte marker (data not shown), and the CD11b high F4/80 low population in the WT mice did not (data not shown). To explore differences in hepatic NPC populations between WT and CCR2 Ϫ/Ϫ mice, we examined cellular morphology of various populations after purification by FACS at 24 h follow- ing APAP challenge. Although the majority of the CD11b high F4/80 low population (IMs) in the WT mice had horseshoe-or kidney-shaped nuclei, a morphology consistent with that of monocytes/macrophages (Fig. 7B) , the majority of this same population in the CCR2 Ϫ/Ϫ mice, appeared to be PMNs (Fig.  7E) , with nuclei consisting of several linked lobes. The small population of CD11b high F4/80 -cells in WT (Fig. 7C ) and CCR2 Ϫ/Ϫ (Fig. 7F ) mice also demonstrated a PMN morphology. Furthermore, 24 h following APAP challenge, the number of PMNs in the liver, based on flow cytometric analysis, was increased in the CCR2 Ϫ/Ϫ mice (9.70Ϯ2.32ϫ10 5 cells) compared with WT mice (4.71Ϯ1.37ϫ10 5 cells). A similar increase in the number of PMNs was observed in the peritoneal cavity of thioglycolate-treated CCR2 Ϫ/Ϫ mice compared with WT mice (data not shown). These results suggested a potential relationship between the IMs and PMNs.
We hypothesized that the IMs are capable of inducing apoptosis of PMNs, and therefore, the lack of IMs may explain the increased number of PMNs present in the liver of CCR2 Ϫ/Ϫ mice following APAP challenge. To investigate the ability of the IMs to induce PMN apoptosis, we prepared cocultures of PMNs (thioglycolate-elicited peritoneal exudate) and IMs (isolated via positive selection at 24 h following APAP challenge). Flow cytometric analysis of the PMNs revealed that their numbers decreased significantly compared with those in cultures of PMNs alone (Fig. 8A) . Among the remaining PMNs, the percentage of apoptosis (Annexin V ϩ ) increased significantly in the cocultures (67%) compared with that in cultures of PMNs alone (19%; Fig. 8B ), suggesting that the IMs are potent inducers of PMN apoptosis. Although macrophage secretory products have been demonstrated to induce apoptosis of PMNs [57] [58] [59] [60] [61] , it has recently been revealed that this process requires cell-cell contact, in particular, through membrane-bound but not soluble TNF-␣ [62, 63] . To examine further whether this IM-mediated induction of PMN apoptosis requires direct cell-cell contact, we repeated the cocultures yet separated the PMNs from the IMs using transwell inserts. The data demonstrated that the number of remaining PMNs in the transwell cultures was comparable with those in cultures of PMNs alone (Fig. 8A) . The percentage of apoptosis among the remaining PMNs was decreased compared with those cocultured in contact with the IMs (Fig. 8B) , suggesting a cell-cell contact-dependent induction of apoptosis. These results indicated an important role for IMs in the clearance of PMNs and protection against prolonged inflammation and tissue damage, as PMNs have been shown to contribute to the development of APAP-induced liver injury [11] .
Resolution of hepatic damage is delayed in the absence of the IMs
To investigate whether the IMs are involved in APAP-induced liver injury, we challenged female Balb/cJ WT and CCR2 mice with APAP. No significant difference was observed in the degree of APAP-induced hepatotoxicity, as measured by alanine aminotransferase (ALT) levels, between WT and CCR2 Ϫ/Ϫ mice at 10 and 24 h following APAP challenge (data not shown). Histological evaluation of liver sections at 24 h after APAP challenge revealed a comparable extent of hepatic damage in WT and CCR2
Ϫ/Ϫ mice, as measured by the average area of necrosis among six separate fields per tissue section (Fig. 9C) . Hepatic damage was diminished dramatically and appeared to return to a normal, pathological state in WT mice by 48 (Fig. 9A ) and 72 h (data not shown) following APAP challenge. In contrast, extensive necrosis and hemorrhage were still evident and remained elevated in CCR2 Ϫ/Ϫ mice at 48 ( Fig. 9B ) and 72 h (data not shown) after APAP challenge.
DISCUSSION
Studies of APAP-induced liver injury in mice have revealed a dichotomy of pro-toxicant and hepato-protective functions of hepatic macrophages [14 -16] . This controversy may stem from the heterogeneity and/or plasticity of macrophages and the difficulty in distinguishing subpopulations of macrophages in the liver and studying them separately. The present report described the first study to clearly distinguish a population of infiltrating macrophages from the resident KCs. Our data demonstrated that it is possible to isolate and purify the two macrophage populations separately and examine their functions as distinct cell types. The IMs exhibited a phenotype consistent with that of M2, and furthermore, in the absence of the IMs, the resolution of hepatic necrosis following APAPinduced liver injury was delayed in CCR2 Ϫ/Ϫ mice compared with WT mice.
Hepatic macrophages in APAP-treated mice were examined in a previous study [64] by immunohistochemical analysis using anti-F4/80, which is highly expressed on resident KCs [34, 35, 64] and anti-CD68, recognizing macrosialin that is thought to be expressed on activated macrophages [64 -66] . The number of F4/80 ϩ cells within the liver decreased by 75% at 24 and 48 h following APAP challenge, which coincided with the accumulation of activated CD68 ϩ macrophages [64] . However, this analysis was unable to distinguish whether the CD68 ϩ macrophages represented an activated subpopulation of resident KCs or a separate macrophage population. We decided to investigate hepatic macrophages by flow cytometric analysis using the macrophage markers CD11b (membraneactivated complex 1) and F4/80. In the liver of APAP-treated mice, we were able to detect resident KCs (CD11b low F4/80 high ) and a population of IMs exhibiting an expression profile of CD11b high F4/80 low (Fig. 1) . Our data further demonstrated that depletion of resident KCs did not affect the appearance of the IMs (Fig. 4A) ; however, these cells were absent in bone marrow-irradiated mice (Fig. 4B ) and in CCR2 Ϫ/Ϫ mice (Fig. 7D ). These results suggested that the IMs represent a bone marrowderived, circulating monocyte/macrophage population, distinct from resident KCs, which infiltrate the liver in response to APAP challenge.
Investigation into the heterogeneity of peripheral monocytes by Geissmann et al. [17] initially identified two subsets, characterized as CCR2 ϩ CX 3 CR1 int and CCR2 -CX 3 CR1 high . Our analysis of the IMs using heterozygous CX 3 CR1
GFP/ϩ mice revealed that the cells consisted of two subpopulations, characterized as CX 3 CR1 -and CX 3 CR1 ϩ , and that both populations expressed similar message levels of CCR2 (Fig. 5B) . The potential discrepancy between the Geissmann et al. [17] study and our data may be explained by the analysis of protein surface expression by Geissmann et al. [17] compared with our gene expression analysis.
A phenotype transition of recruited monocytes during the resolution of inflammation and tissue repair has been demonstrated recently [67] . After injury, skeletal muscle recruited inflammatory monocytes, which switched their phenotype to acquire an anti-inflammatory profile upon phagocytosis of muscle cell debris. It was further demonstrated that in vivo depletion of these circulating monocytes at the time of injury completely prevented muscle regeneration. Our in vitro phagocytosis assay demonstrated that the IMs were competent in taking up apoptotic Jurkat T cells with a relatively high PI value (Fig.  6B) . The phagocytic capacity of the IMs was confirmed further by their in vivo engulfment of latex beads (Fig. 6C) . The process of phagocytosis of apoptotic cells and cellular debris has been demonstrated to inhibit the production of proinflammatory mediators, such as TNF-␣, IL-1␤, IL-8, and leukotriene C4 [26, 68] , in conjunction with the generation of potent, anti-inflammatory mediators, such as TGF-␤ and PGE 2 [26, 68, 69] , which suppress the inflammatory response. It has recently been demonstrated that upon phagocytosis of dead cells, macrophages produce a secretory leukocyte protease inhibitor (SLPI), which contributes to the phenotypic switch of macrophages from a proinflammatory type to an anti-inflammatory, tissue-protective cell type [70] . Impairment in the clearance of apoptotic cells and cellular debris may contribute to a delayed and impaired wound healing, as has been observed in TGF-␤ null mice [71] and SLPI-deficient mice [72] . Our data and these recent reports suggest that IMs found in the liver following APAP challenge may demonstrate an anti-inflammatory phenotype after engulfment of apoptotic cells or cellular debris and thereby, play an important role in the resolution of APAPinduced inflammation.
APAP-induced liver injury is histopathologically characterized by centrilobular necrosis with a massive infiltration of leukocytes, particularly PMNs [10, [73] [74] [75] . Recent studies demonstrated a significant decrease in APAP-induced hepatotoxicity as a result of PMN depletion, providing evidence for the involvement of PMNs in the progression of APAP-induced liver injury [11] . Removal of PMNs from inflammatory sites is beneficial, as the recognition and ingestion of apoptotic PMNs protect the surrounding tissue from the potentially proinflammatory and noxious, intracellular contents that inevitably leak from these cells that die by the alternative pathway of necrosis [76] . Furthermore, persistent, PMN-rich inflammatory infiltrates have been associated with the increased tissue destruction associated with unresolved inflammatory reactions, such as those found in adult respiratory distress syndrome, rheumatoid arthritis, and gout [77, 78] . PMN apoptosis, which results in the recognition and uptake of these cells by macrophages, has been proposed as an important mechanism for the removal of PMNs from sites of inflammation [79] . We found that compared with WT mice, in the absence of IMs in CCR2 Ϫ/Ϫ mice, there was a significant increase in the number of PMNs in the liver and peritoneal cavity following APAP challenge and thioglycolate treatment, respectively (data not shown). Furthermore, our data demonstrated that aside from phagocytosis of apoptotic cells, the IMs are capable of actively inducing apoptosis of PMNs through a cell-cell contact-dependent manner (Fig. 8) . These results suggest that IM-mediated induction of PMN apoptosis and removal of apoptotic PMNs represent an important hepato-protective mechanism that prevents prolonged inflammation and tissue destruction.
Although no studies have specifically investigated the role of IMs in the pathogenesis of APAP-induced liver injury, one report has demonstrated that CCR2 Ϫ/Ϫ mice exhibited increased sensitivity to APAP compared with WT mice, most notably, at 24 h following APAP challenge [80] . An exaggerated apoptotic and necrotic liver injury as well as significant elevations in the proinflammatory cytokines IFN-␥ and TNF-␣ were observed in the liver of CCR2 Ϫ/Ϫ mice compared with WT mice. The increased toxicity in the CCR2 Ϫ/Ϫ mice was attributed to the lack of hepato-protection provided by CCR2, through its regulation of cytokine expression during APAP challenge. It is important to note that in this above study, APAP failed to induce liver injury in WT mice. Using CCR2 Ϫ/Ϫ mice on a different background strain from this above study, a recent report has shown [64] , and our present findings reveal no dramatic difference in the sensitivity of CCR2 Ϫ/Ϫ mice to APAP-induced hepatotoxicity compared with WT mice, as determined by ALT levels (data not shown). We rationalize that these results would be expected, as our data showed that IMs do not begin to appear within the liver until 12 h following APAP challenge, a time-point at which the initiation and propagation of injury are already established. Although the measurement of ALT levels is used routinely as an indicator of liver injury, the clinical gold standard remains histological evaluation. Histological assessment of liver sections during the resolution phase of APAP-induced liver injury revealed a significantly delayed process of tissue recovery in CCR2 Ϫ/Ϫ mice. Extensive necrosis and hemorrhage were still evident in CCR2 Ϫ/Ϫ mice at 48 and 72 h after APAP challenge, whereas the liver returned to an apparent normal, pathological state in WT mice (Fig. 9) .
Enhanced expression in M2 compared with M1 has been documented for a number of genes, including Ym1, Fizz1, Arg-1, Mgl1, and MMR [19, 22, 25, 41, 43, 47, [81] [82] [83] [84] [85] . Gene expression analysis of the IMs suggested a signature consistent with that of M2 (Fig. 5A ). In comparison with IMs, resident KCs expressed similar levels of several M2 genes; however, they exhibited minimal expression levels of Ym1 and Arg-1 and did not express Fizz1. M2 have been observed during the healing phase of acute inflammation [86] , in chronic inflammatory diseases such as rheumatoid arthritis [87] , and in wound healing [88] . Functionally, M2 are involved in the resolution of inflammation, promotion of angiogenesis and wound healing, and the elimination of apoptotic bodies and tissue debris [25, 89] . Arg-1 and Fizz1 have been demonstrated to promote angiogenesis and wound healing [90, 91] . Proteolytic degradation and remodeling of the extracellular matrix are essential features of tissue repair, of which, MMP-12 and MMP-9 are believed to play an essential role in this process. Furthermore, MMP-9 has been shown to induce promotion of the angiogenesis switch and release of growth factors [92] [93] [94] [95] , which may contribute to wound healing and tissue repair. Altogether, the expression of these various genes by the IMs (Fig. 5A ) coincides with the phenotype of M2, which play important roles in dampening inflammation and promoting angiogenesis and tissue repair. There is evidence to support that besides hepatocyte damage, APAP overdose also causes microcirulatory dysfunction and LSEC injury [96 -98] , suggesting that angiogenesis represents an important process of liver repair. However, research about the process of tissue repair and more specifically, angiogenesis, following APAP-induced hepatotoxicity, remains scarce. Based on the reports about the tissue repair functions of M2, our data about an M2 signature gene expression by the IMs, and the presence of the IMs at the later stages of hepatotoxicity, we propose that these cells play a key role in the processes of tissue repair following APAPinduced liver injury.
In summary, the present study demonstrated the existence of two subpopulations of hepatic macrophages in mice following APAP-induced liver injury. The IMs represent a circulating monocyte population that infiltrates the liver in response to APAP challenge. Characterization of the IMs suggests that they share a phenotype with M2. In the absence of the IMs, the repair of liver damage following APAP-induced hepatotoxicity was delayed in CCR2 Ϫ/Ϫ mice compared with WT mice. The observed IM-mediated induction of PMN apoptosis as well as the ability to phagocytize apoptotic cells likely contribute to their role in the resolution of inflammation and promotion of tissue repair following APAP-induced liver injury.
